Because engineered tissues are designed for clinical applications in humans, a major problem is the contamination of cocultures and tissues by allogenic molecules used to grow stem cells in vitro. The protocols that are commonly applied to generate epidermal equivalents in vitro require the use of irradiated murine fibroblasts as a feeder layer for keratinocytes. In this study, we report a simple procedure for growing human keratinocytes, isolated from adult skin, to generate an epidermal construct on a collagen layer alone. In this model, no human or murine feeder layers were used to amplify cell growth, and isolated keratinocytes were seeded directly at high cell density on the collagen-coated flasks or coverslips in an epithelial growth medium containing low calcium concentration.
INTRODUCTION
A DVANCES IN STEM CELL CLONING and culturing technology have provided the basis for in vitro organ reconstruction, in particular skin substitutes. First, long-term subcultivation of keratinocytes permitted the growth and differentiation of normal human keratinocytes in culture. 1 Subsequently, the coculture of epidermal keratinocytes and dermal fibroblasts permitted the generation of different models of tissue-engineered skin (TES). [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] An alternative protocol is the serum-free method, 3, 16, 17 which has permitted the production of 3-dimensional (3D) epidermal equivalents on synthetic polycarbonate filters. 18, 19 TES can be regarded as the only engineered organ that is currently used in clinical applications, including the treatment of burns and chronic wounds, in which the need to accelerate healing seems to be a major goal. constructs can be isolated from different sources, including autogeneic, allogeneic, and xenogeneic skin. 21, 22 Moreover, it has been possible to introduce melanocytes, Langerhans cells, blood vessels, and hair in some models of engineered skin. [23] [24] [25] [26] [27] Different 3D scaffolds and biomatrices have been used to promote keratinocyte and fibroblast growth. 20 These include collagen, 2, 7, 8, 10, 28 glycosaminoglycans such as benzyl ester of hyaluronan, 29 and synthetic biopolymers. 18, 19 According to Rheinwald and Green, 1 the protocol that is widely used to seed and clone epidermal cells requires the use of a feeder layer of mitotically inhibited murine fibroblasts, namely, lethally irradiated 3T3 murine fibroblasts, which acts as an adhesion surface. 30 However, the use of a xenogenic cell type represents a major drawback of this technique, and it can be argued that the use of xenogenic cells requires the addition of antigenic components and presents the risk that viruses, prions, or other macromolecules may be transmitted to human cells from mouse cells during tissue culture. This should be taken into account in the case that TES is designed for clinical application. 12, 29 To find an alternative method for keratinocyte cultivation without the use of a murine feeder layer, we have studied the possible application of a film of bovine type I collagen, an acellular natural polypeptide biomaterial, as a support for cell growth in a defined culture medium containing bovine serum and low calcium concentration. 31, 32 In this study, we demonstrated that human keratinocytes, isolated from adult skin, are able to grow and proliferate for several generations on a collagen layer alone and to achieve terminal differentiation without using a feeder layer or increasing calcium concentration in the culture medium. 33 
MATERIALS AND METHODS

Cell culture
Skin biopsies (n ¼ 30) were obtained from clinically healthy human skin from different body areas (abdomen, thigh, breast) from donors of different ages (range 40-60 years). Human epidermal keratinocytes were isolated according to Häkkinen et al. 34 Surgical biopsies (*4Â4 cm) were cut into smaller fragments (*1Â1 cm) and subsequently digested with 2.5 mg/mL Protease type IX (SigmaAldrich, St. Louis, MO) at 48C for 24 h to separate the epidermis from the dermal layer. The epidermal sheet was carefully peeled from the underlying dermis and trypsinized (0.05% trypsin, 0.01% ethylenediaminetetraacetic acid) for 10 min at room temperature, to dissociate single cells. Isolated cells were centrifuged (200 gÂ10 0 at 158C), and the pellet of keratinocytes (*5Â10 7 total cells) was gently re-suspended in the growth medium. Cells were seeded in culture flasks (25 cm 2 ) or on coverslips (12 mm ø) previously coated with bovine collagen type I (Sigma, 10 mg of calf skin in 2 mL of 0.1-M acetic acid and 8 mL of sterile water) at a final seeding cell density of approximately 10 to
20Â10
6 viable per well and 2Â10 5 per coverslip. The cultures were incubated at 378C in 5% carbon dioxide with cell epidermal culture medium (CEC) without epidermal growth factor (EGF) and with low Ca 2þ concentration. 35 CEC medium is a 3:1 mixture of Dulbecco's modified Eagle medium (Sigma) and Ham's F12 (Sigma) containing 10% fetal bovine serum (Eurobio, Courtaboeuf, France), 0.4 mg/mL hydrocortisone (Sigma), 5 mg/mL insulin (Sigma), 5 mg/mL Apo-transferrin (Sigma), 1.36 ng/mL triiodo-Lthyronine (Sigma), 1 mg/mL 200-mM L-glutamine (Eurobio), 0.11 mg/mL 100-mM sodium pyruvate (Sigma), 100 mg/mL penicillin (Eurobio), and 100 mg/mL streptomycin (Eurobio). Both media contain a low (0.03-mM) concentration of Ca 2þ . After 24 h of culture, 10 ng/mL EGF (human recombinant, Sigma) was added to the cultures. Complete fresh CEC medium (CEC medium with EGF (CEC þ )) has a pH of 8.1, but it diminished to 6.5 after 2 to 3 days of culture; therefore, it was changed every 2 days. After different time steps, cells were fixed and processed for immunocytochemistry. To evaluate the effect of bovine serum on keratinocyte growth and differentiation in our experimental model, we also seeded the cells in a serum-free medium.
Immunocytochemistry
Cells seeded on coverslips were fixed with 4% paraformaldehyde in 0.1-M phosphate buffer (pH 7.4) for 15 min and postfixed in 70% ethanol for 30 min. Immunostaining was performed by incubating the coverslips for 1 h with primary monoclonal antibodies to epithelial and nonepithelial markers, followed by a secondary antimouse antibody (fluorescein isothiocyanate (FITC)-conjugated antibody, Sigma; Alexa 594, Molecular Probes-Invitrogen Ltd, Glasgow, Scotland, UK). Nuclear staining of deoxyribonucleic acid (DNA) with Hoechst 33258 dye (0.5 mg/mL) was also performed. The fluorescence images were obtained using a Zeiss Axiophot fluorescence microscope (Carl Zeiss, Oberkochen, Germany) and a Leica TCS SP2 confocal microscope (Heidelberg, Germany), by acquiring green and red fluorescence signals at 0.3-mm intervals. Image analysis was performed using the Leica Confocal Software.
Immunohistochemistry
Three-dimensional epidermal constructs obtained from primary cultures were gently detached from the flask using a scalpel, fixed with 4% paraformaldehyde in 0.1-M phosphate buffer (pH 7.4) for 6 h, dehydrated through graded concentrations of ethanol, and embedded in paraffin. Sections were obtained at 5 to 10 mm, rehydrated, and stained with Harris's haematoxylin and eosin or processed for immunohistochemical staining according to the indirect streptavidin-biotin immunoperoxidase technique. The list of cell differentiationand cell proliferation-related antigens that have been investigated is shown in Table 1 .
Briefly, the sections were incubated serially with the following solutions: 0.3% hydrogen peroxide for 30 min to 2 remove endogenous peroxidase activity normal goat serum, diluted 1:20, for 30 min to reduce background staining primary antisera or antibodies at appropriate dilutions (range 1:100-1:2000), overnight at 48C biotinylated goat antirabbit or anti-mouse immunoglobulin G (Super Sensitive kit, BioGenex, San Ramon, CA) for 1 h at room temperature streptavidin-biotinylated peroxidase complexes (Super Sensitive kit, BioGenex) for 1 h at room temperature 0.03% 3,3 0 -diaminobenzidine tetrahydrochloride, to which hydrogen peroxide (0,02%) was added just before use, for 5 min at room temperature.
Some sections were lightly counterstained with hematoxylin. Finally, the sections were dehydrated, mounted with DPX mounting medium, and examined. Each solution was prepared in 0.05-M Tris buffer (pH 7.4) containing 0.1-M sodium chloride (0.15-M Tris-buffered saline), and between each of the steps of the immunostaining procedure, the sections were washed in the same buffer. Before immunostaining, some sections were pretreated with protease (0.5% pepsin in 0.01-M hydrochloric acid (HCl) or 0.1% trypsin in distilled water, pH 7.6) for 10 to 30 min at 378C. Other sections were incubated in a microwave oven for antigen retrieval, according to the antibody supplier's protocol. Microwave heating was performed in an antigen retrieval solution (BioGenex) as irradiation fluid by using a Panasonic microwave oven (model 4540, 900 W), as described previously. 36 Specificity controls included omission of the primary antibody the substitution of nonimmune sera for the primary antibody. Immunohistochemistry on biopsies of natural skin and epidermis was performed to compare the patterns of immunostaining.
Transmission electron microscopy
Samples of epidermal constructs were immersed in a solution containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1-M sodium cacodylate buffer (pH 7.4) for 6 h. They were then postfixed for 1 h in 1.33% osmium tetroxide in 0.1-M collidine buffer. Tissues were dehydrated through graded alcohols and embedded in Epon 812. Semithin sections were stained with toluidine blue. Thin sections were stained with uranyl acetate and lead citrate and observed using a Zeiss EM10 electron microscope.
Flow cytometry
Freshly isolated cells obtained after trypsinization treatment, were fixed with 70% ethanol at À208C for 10 min and conserved at À208C. The other cells grown on collagen layer were maintained in culture for different lengths of time (1, 7, 10, 15, and 30 days) after isolation, and during the last 2 h of culture, 30-mM of 5-bromo-2 0 -deoxyuridine (BrdU, B-5002, Sigma) was added to the medium. Finally, the samples were washed in phosphate buffered saline (PBS) and fixed in 70% ethanol. Incorporated BrdU was detected using immunostaining with monoclonal anti-BrdU antibody (Amersham Biosciences, Buckinghamshire, UK). Briefly, fixed cells were removed from the fixative, washed in PBS, centrifuged, and pellet treated with 2 N HCl for 30 min at room temperature. Cells spun down were neutralized with 0.1-M sodium tetraborate (pH 8.5) for 15 min, centrifuged, and washed in PBS containing 1% bovine serum albumin and 0.2% Tween 20 (PBT) solution. After centrifugation, 
RESULTS
Isolation of epidermal cells
To ensure that only epidermal keratinocytes were isolated and cloned, using immunohistochemical techniques, we analyzed bio-optical fragments of dermal connective tissue and epidermis isolated after enzymatic treatment of Protease IX. Immunostaining for vimentin and cytokeratins on these fragments showed that specific proteins were expressed in dermal fibroblasts and epidermal keratinocytes, respectively ( Fig. 1) . Epidermal cells were vimentin negative and showed keratin expression (Fig. 1A, C) , and dermal cells displayed vimentin immunoreactivity and were cytokeratin negative (Fig. 1B, D) .
Keratinocytes were isolated from an epidermal fragment that has been shown to be composed exclusively of cytokeratin-positive cells and displayed no vimentin staining, thus showing that dermal connective cells were absent from the fragment. Subsequently, keratinocytes were seeded on a type I collagen layer in the culture flask.
Cell culture and formation of epidermal constructs
As soon as 7 days, primary epidermal keratinocytes isolated from adult skin formed visible colonies, and each colony was the progeny of a single cell or small cell cluster of 10 to 20 epidermal cells (Fig. 2A) . The colonies in the primary cultures formed mosaics of polygonal and squamous cells, thus suggesting an epithelial origin (Fig. 2B) . Accordingly, all cells showed cytoplasmic immunostaining for cytokeratins, and 10% of cultured keratinocytes expressed the nuclear protein p63 (Fig. 3) . After 10 days, cells seeded on the collagen layer grew, forming large clones with high proliferative activity. Within the colonies, epithelial cells established interactions using cytoplasmic protrusions and finally several colonies, thus forming a continuous epithelial monolayer. At 30 days, these cells constituted a stratified sheet made of 4 to 6 cell layers on the collagen matrix (3D epithelial constructs, Fig. 2C, D) .
The formation of keratinocytes colonies and a stratified sheet was not obtained in serum-free cultures. 
Proliferation
Immunofluorescence and flow cytometric analyses revealed that, after 1 h of incubation, the percentage of isolated cells that had incorporated bromodeoxyuridine was less than 1%, thus showing that cells after seeding were mostly G0/G1 cells (Fig. 4A, C) . After 3 days of incubation, the number of cycling cells (S, G2, and M cells) increased to 20% to 30% of seeded cells (Fig. 4B, D) .
No significant differences in cultured keratinocytes were found in cells isolated from donors of different ages or from skin from different body areas.
Histological and immunohistochemical analyzes
Epidermal constructs were made using a stratified epithelium made with 4 to 6 cell layers and thus thinner than natural epidermis (Fig. 5) . It was possible to identify cell layers comparable with those observed in natural skin (basal, suprabasal, and superficial layers). In the basal layer, epithelial cells were cuboidal cells, whereas in the other layers, cells were flat. In the suprabasal layer, cells displayed cytoplasmic protrusions similar to those observed in the spinous layer of natural skin.
Immunostaining of the constructs revealed that epithelial cells were positive for several proliferation and differentiation markers (Fig. 5 ). All cells were cytokeratin positive EPIDERMAL CONSTRUCT ON A COLLAGEN LAYER (Fig. 5D) , and all basal cells displayed integrin b1 subunit membrane staining (Fig. 5F ) and a2b1 integrin intracytoplasmic staining (Fig. 5F*) , whereas laminin immunoreactivity was cytoplasmic (Fig. 5H ). Basal and suprabasal cells were p63 positive (Fig. 5L) . Cells of most superficial layers displayed involucrin and filaggrin immunostaining ( Fig.  5N, P) . The constructs were vimentin negative (Fig. 5R) .
Laser scanning confocal microscopy analysis
Examination of epidermal equivalents revealed that keratinocytes are organized in multiple layers, comparable with those observed in natural skin. It was possible to observe an increasingly cytoplasmic expression of filaggrin, a marker of keratinocyte differentiation, from the intermediate to the superficial layer, thus suggesting a progression in cell differentiation (Fig. 6 ).
Electron microscopy analysis
Electron microscopy analysis confirmed that keratinocytes grew and stratified on the collagen layer, thus forming a thin epidermal equivalent. Degenerated keratinocytes were observed detaching from the surface of the constructs (Fig. 7A) . The number of the cell layers observed in synthetic constructs (4-6 layers, including basal cells) was lower than in natural skin and other models of bilayered skin equivalents. Using light microscopy analysis, it was possible to identify cell layers comparable with those in natural skin. Nevertheless, electron microscopy analysis revealed that the overall organization of these layers was poorer than in natural epidermis. In particular, few and poorly developed desmosomes were observed in the spinous layer, and few keratohyalin granules occurred in the cytoplasm of the cells of the granular layer (Fig. 7B) . All epithelial cells contained abundant tonofibrils throughout their cytoplasm (Fig. 7C) . No basement membrane could be observed underlying the basal layer of epidermal constructs.
DISCUSSION
Different models of TES have been regarded to as useful tools for studies in skin biology, pharmacology, and toxicology and for the treatment of skin wounds. Our aim was to assess minimal experimental conditions that would permit the generation of epidermal constructs in vitro.
Because engineered tissues are designed for clinical applications in humans, a major problem is contamination of tissues by allogenic molecules or xenogenic cells used to clone and grow stem cells in vitro. In particular, the protocols that are commonly applied to generate epidermal equivalents in vitro require the use of irradiated murine fibroblasts as a feeder layer for keratinocyte cells. 1, 37 We used a simple procedure for growing normal human keratinocytes without using any feeder layer. Recently, a feeder layer made of irradiated human fibroblast was successfully used to aid the expansion of keratinocytes in vitro, 38, 39 thus avoiding the use of xenogenic cells. Although the possible presence of pathogens in the human feeder layer cannot be excluded, this strategy may provide the basis for the generation of epidermal equivalents supported by patients' own fibroblasts.
The isolated keratinocytes, seeded directly on collagencoated flasks in medium containing a low calcium concentration, grew and proliferated for several generations. The differentiation of cultured keratinocytes started even without increasing calcium concentration in the culture medium FIG. 6 . Keratinocyte constructs grown for 10 days on type I collagen-coated coverslips as observed using laser scanning confocal microscopy. Cells were stained with a primary antibody against filaggrin, a cytoplasmic protein specific for epidermal differentiation (red). Nuclear deoxyribonucleic acid blue fluorescence using Hoechst 33258 (blue). Magnification Â100. 7 and without adjusting the cultures at the air-liquid interface. 40 No significant growth, differentiation, or stratification of keratinocytes could be observed in the cultures without adding serum to the medium.
EPIDERMAL CONSTRUCT ON A COLLAGEN LAYER
The morphological and immunochemical features of epithelial colonies grown on the collagen layer were typical of keratinocyte cells, forming mosaics of polygonal and squamous cells. Moreover, proliferation dynamics were comparable with those reported for keratinocytes grown on the murine feeder layer. 1, 41, 42 Previous studies have shown that epithelial-mesenchymal interactions (epidermal-dermal signaling) are required for epidermal histogenesis in vitro. 3, 4, [43] [44] [45] Type I collagen is the major matrix components of dermis (the mesenchymal counterpart of the epidermis in natural skin). We assumed that it could be the most representative matrix that could mimic the connective tissue underlying the differentiation of keratinocytes in vitro.
Our experiments suggest that type I collagen alone, which is the major matrix component of the dermis, may be sufficient to trigger and sustain keratinocyte differentiation and epidermal histogenesis. Accordingly, no adhesion, differentiation, or stratification was observed in control uncoated polystyrene flasks.
The extensive capacity of the epidermal cell renewal in vivo depends on a minor population of stem cells located in hair follicles and the basal layer of adult epidermis. 23, 46 p63 protein, a recently identified member of the p53 gene family, seems to be principally restricted to cells with high proliferative potential and is not expressed in epithelial cells undergoing terminal differentiation. 47 The percentage of p63-positive cells observed in our cultures after seeding were similar to the percentage of putative stem cells in the basal epidermal layer. 48, 49 It can be presumed that such cells are able to produce clones having particular stemness features; bromodeoxyuridine incorporation, as detected using immunofluorescence and flow cytometry, suggested that these cells, which were traversing the G1 cell-cycle phase, were able to enter in S-phase and generate cell clones that subsequently underwent the differentiation program.
As to the source of keratinocytes, no significant differences in cloning potential could be observed in cells isolated from donors of different ages or from skin from different anatomical sites. Our data have demonstrated that keratinocytes stratified on the collagen layer, thus forming epidermal 3D equivalents. Immunohistochemical analysis of the constructs confirmed that all cell layers consisted of cytokeratinpositive epithelial cells, 50 whereas no connective tissue cells could be identified using vimentin-immunostaining. Within synthetic constructs, it was possible to identify cell layers comparable with those observed in natural skin; nevertheless, the number of the cell layers (4-6 layers, including basal cells) was lower than in natural skin and other models of bilayered skin equivalents. 43, 45, 51, 52 The ultrastructure of the synthetic construct showed a typical structure in the basal stratum with the natural epidermis. 53 However, electron microscopy analysis revealed that the overall organization of these layers, as well as keratinocyte differentiation, was poorer than with natural epidermis, including the formation of junctional complexes, basement membrane, and keratinization. 54 It may be hypothesized that low concentration of calcium in the medium may partly account for incomplete development of desmosomal contacts and the cornified envelope. 43 Furthermore, it is presumable that bringing the epidermal constructs to the air-liquid interface might have improved keratinocyte stratification and keratinization in our cultures, according to previous studies. 11, 55, 56 Although no specific immunostaining for basement membrane proteins was observed underneath epithelial cells of the constructs, laminin immunostaining was detectable within the cytoplasm of basal cells. It may be that epithelial cells are able to synthesize, but not secrete, laminin in the dermal-epithelial interface. Our findings are in accordance with previous studies showing that the formation of basement membrane at the dermal-epidermal junction, as well as the synthesis of other matrices by dermal fibroblasts, requires the interactions between keratinocytes and dermal fibroblasts. [43] [44] [45] 57 Although the basement membrane was absent in our constructs, basal keratinocytes expressed integrin b1 subunit and a2b1 integrin. Integrins are heterodimeric cellsurface glycoproteins that primarily mediate the attachment of basal keratinocyte to extracellular matrix proteins. [58] [59] [60] It can be reasonably presumed that integrin expression is related to the presence of type I collagen that has been used as a scaffold for epithelial growth in vitro. 61, 62 It has been shown that a2b1 integrin is required for keratinocyte adhesion to type I and type IV collagens. 63 The precise mechanisms by which extracellular matrices influence cell differentiation are largely unknown (for reviews see, [64] [65] [66] ). Accordingly, the molecular mechanisms regulating keratinocyte stratification by collagen are unclear. It is known that cell-surface receptors for extracellular matrices (e.g., integrins) are involved in signaling pathways that activate downstream proteins and genes within the cell. 59, 63, 67 It can be tentatively presumed that collagen is sufficient to induce integrin expression by basal keratinocytes, which in turn promotes keratinocyte differentiation and stratification. However, our experiments suggest that collagen alone is not sufficient to support complete epidermal histogenesis, according to the incomplete development of our artificial constructs.
As indicated according to bromodeoxyuridine incorporation, cell proliferation occurs in the basal layer of the epithelial constructs, according to natural epidermis. Moreover, the expression of p63, a nuclear factor involved in early stages of epithelial differentiation, was detectable only in the basal and suprabasal cell layers of the constructs, according to the distribution observed in natural epidermis. 68, 69 Furthermore, although complete epithelial-mesenchymal interactions did not occur in the generation of our epidermal constructs, differentiated keratinocytes of the upper layers of the constructs were immunoreactive for filaggrin and 8 involucrin, which are considered to be reliable markers of keratinocyte terminal differentiation. [70] [71] [72] At variance with other models of TES, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] it is interesting to observe that keratinocytes in our constructs underwent terminal differentiation at the molecular level without any interaction with connective tissue cells in vitro, without increasing calcium concentration in the culture medium, 40 and without adjusting the constructs at the air-liquid interface. 11, 55 Our results demonstrate that human keratinocytes are able to grow and differentiate on a collagen layer alone, without the use of any feeder layer. This aspect may be interesting for the production of synthetic epidermal constructs that are designed for clinical applications in which the introduction of xenogenic cells or antigens should be avoided. According to other models of TES, the constructs that we generated may be useful in studying biological interactions between epithelial and mesenchymal tissues. In particular, this model may be used to explore which factors are missing that the dermal layer would normally provide, including decellularized matrices and soluble factors.
